abstract: MicroRNAs (miRNAs) are small non-coding RNAs (18 -25 nt), playing important regulatory roles via interaction with cellular messenger RNAs. The altered expression of miRNAs in specific tissues has been associated with diseases such as cancer and diabetes. We examined the presence of two selected miRNAs (miR-19b and let-7a) in human seminal plasma from fertile men and idiopathic infertile patients with oligozoospermia and non-obstructive azoospermia (NOA) using quantitative real-time PCR. We detected miRNAs in the seminal plasma of humans. The levels of miRNAs in the seminal plasma were reproducible in repeat samples from the same individuals. In addition, we examined the expression patterns of two selected miRNAs in 96 idiopathic infertile males (48 oligozoospermia and 48 NOA) and 48 fertile controls. Another 48 individuals of each group were used for verification. Our data showed that the expression levels of these two miRNAs in the seminal plasma significantly increased in idiopathic infertile males with NOA compared with fertile controls, whereas the expression levels were similar between idiopathic infertile males with oligozoospermia and fertile controls. In conclusion our results indicate that the expression of miR-19b and let-7a in the seminal plasma are reproducible and stable. Aberrant over-expression levels of miR-19b and let-7a may be an indicator of spermatogenic failure.
Introduction
Infertility is a worldwide reproductive health problem which affects 10 -15% of couples (de Kretser, 1997) . Half of these cases could be attributed to male factors, and 60-75% of male infertility cases are idiopathic, since the molecular mechanisms underlying the defects remain unknown (Guzick et al., 2001) . A significant proportion of idiopathic male infertility is accompanied by severe oligozoospermia or azoospermia. Azoospermia, defined as complete absence of spermatozoa in ejaculate, is present in 15% of infertile patients (Jarow et al., 1989) . The absence of sperm in semen results from testicular dysfunction (non-obstructive) or obstruction of extratesticular ducts (obstructive; Anguiano et al., 1992; Sobek et al., 1998) . Nonobstructive azoospermia (NOA) is caused by severe impairment of spermatogenesis and is considered the most critical cause of male infertility (Sobek et al., 1998) . Biopsies are potentially damaging for infertile males and invasive methods are neither easy to perform nor well accepted. Therefore, seeking non-invasive diagnostic biomarkers is important for the diagnosis and treatment of male infertility.
MicroRNAs (miRNAs) are tiny ( 18 -25 nt) non-coding RNAs that are recognized as endogenous physiological regulators of gene expression in a variety of eukaryotic organisms (He and Hannon, 2004) . They are highly conserved with close to 90% sequence homology among human, mouse and rat (Kim and Nam, 2006) . These small RNAs are capable of controlling gene expression either by repression of translation/transcription (RNAi; Bartel, 2009) or by activation (RNAa) of transcription (Li, 2008) . Computational analyses predict the presence of up to 50 000 different miRNAs in a mammalian cell, each with hundreds to thousands of potential mRNA targets regulating 30% of protein-coding genes (Berezikov et al., 2005) . The expression patterns of miRNAs can be developmentally regulated, tissue specific, or steadily expressed in the whole organism (He and Hannon, 2004; Miska, 2005) and are considered to play important roles in numerous cellular processes such as development, † The first two authors contributed equally. differentiation, apoptosis and proliferation, by simultaneously controlling the expression levels of many genes (Bartel, 2004; He and Hannon, 2004; Pasquinelli et al., 2005; Plasterk, 2006) . Recently, some miRNAs previously identified in cells and tissues have also been found in extracellular fluids such as the plasma, serum, saliva and urine (Kopreski et al., 1999; Poon et al., 2000; Li et al., 2004) . In addition, several studies have revealed that biological fluids such as the semen, blood, saliva, vaginal secretions and menstrual blood have specific miRNAs (Hanson et al., 2009; Bandiera et al., 2010) .
Alterations in the expression of these extracellular miRNAs have been linked to several kinds of disease, especially cancer (Zhao et al., 2010) . In addition, miRNA can be used as a biomarker because its expression is usually dysregulated in cancerous cells. Circulating miRNAs in human serum have increasingly been recognized as useful biomarkers for cancer detection (Ciesla et al., 2011; Keller et al., 2011) . Recently, altered miRNA expression in patients' testis with NOA was found (Lian et al., 2009) . In addition, the potential targets for several down-regulated miRNAs were shown to be increased in infertile testis (Lian et al., 2009) . Observations suggested that miRNAs may be involved in translational repression of meiotic synapsis during spermatogenesis. If so, aberrant miRNA expression would be associated with male infertility. Recently, many of the studies have identified the roles of miRNAs played in the germ cell proliferation and differentiation (Jung et al., 2010; Liu et al., 2011; Niu et al., 2011; McIver et al., 2012) . We chose to study two particular miRNAs for the reasons set out below. In future studies we intend to use the TaqMan Low Density Array to examine the expression profiling of miRNAs in the semen plasma and study the roles of additional miRNAs.
Let-7 occurs as a family consisting of nine distinct mammalian miRNAs (let-7a to let-7i) that share conserved sequences. This family represents the most abundant miRNAs in the testes and the sperm and contributes to 80% of total miRNA found in juvenile testes and 11% of adult testes (Buchold et al., 2010) . Jung et al. (2010) reported that the expression level of let-7a was consistently higher in germ cells and may be inhibiting the process of proliferation. However, the function of let-7a in the sperm is still unclear (Martins and Krawetz, 2005) . Similarly, miR-19b is a member of miR-17 -92 cluster called oncomir-1 comprising six miRNAs (miR-17, -18a, -19a, -20a, -19b, -92a) which is transcribed as a polycistron and is subsequently processed to form individual miRNAs (Hayashita et al., 2005; Mu et al., 2009) . In Dicer-deleted testis, primordial germ cells (PGCs) and spermatogonia exhibited poor proliferation and spermatogenesis was retarded at an early stage. The expressing levels of miR-19b and let-7a changed mostly during E10.5 -E11.5, when PGCs come into sex determination (Hayashi et al., 2008) . Hayashi et al. (2008) showed that the expression of miR-19b was maintained at higher levels throughout the development of PGCs. As miR-19b relates to the apoptosis, it is possible that miR-19b is important for the survival and proliferation of spermatogonia (Hayashi et al., 2008) . Taking together, these studies suggest that miR-19b and let-7a miRNAs could play a role in regulating spermatogenesis in human males.
The ideal biomarker must be accessible through non-invasive protocols, inexpensive to quantify, specific to the disease of interest, and a reliable early indication of disease. Furthermore, no known postprocessing modifications, simple detection and amplification methods, tissue-restricted expression profiles and sequence conservation between humans and model organisms make extracellular miRNAs ideal candidates for non-invasive biomarkers to reflect and study various physiopathological conditions in the body.
In the present study, we examine the expression patterns of two selected miRNAs in fertile controls and idiopathic infertile males with oligozoopsermia or NOA. In addition, we utilized sperm bank semen samples to evaluate the fluctuations of individual seminal plasma miRNAs.
Materials and Methods

Subject recruitment and sample collection
The study was approved by the Institutional Ethics Committee of Nanjing Medical University. All activities involving human subjects were done under full compliance with government policies and the Helsinki Declaration. Written informed consent was obtained from all study subjects. A total of 192 idiopathic infertile males with oligozoospermia (n ¼ 48 for Group 1; n ¼ 48 for Group 2) and NOA (n ¼ 48 for Group 1; n ¼ 48 for Group 2) were enrolled in this study. Infertile men had an infertility history of at least 1 year with their spouses, and spouses had confirmed normal gynaecological assessment. Men with known medical reasons for their infertility such as pathologies of the epididymis or vas deferens, cryptorchidism, mumps, varicocele, retrograde ejaculation, chromosomal abnormalities and Y chromosome microdeletions were excluded from the study. We selected 96 fertile males (n ¼ 48 for Group 1; n ¼ 48 for Group 2) as the controls. The controls were healthy men with normal sperm parameters who had fathered at least one healthy child within 1 year without assisted reproductive measures during the same period as those of the cases recruited in hospital. A complete physical examination, including height and weight, was performed, and a questionnaire was used to collect information, including personal background, lifestyle factors, occupational and environmental exposures, sexual and reproduction status, genetic risk factors, medical history and physical activity (e.g. exercise status). After the interview, each subject donated a 5-ml peripheral blood sample and a semen sample for genetic testing. Serum FSH levels were measured by radioimmunoassay (RIA) using commercial RIA kit (Beijing North Institute of Biological Technology, China) as previously described (Han et al., 2008) . Additionally, 18 semen samples from six individuals on the 1st, 8th and 15th days of 1 month from sperm bank were collected. Each donor was instructed to have at least 3 days of sexual abstinence before each semen sample was obtained. The 18 semen samples with semen parameters in the upper normal range were analyzed for fluctuations in the miRNAs levels. These healthy donors, fertile controls and idiopathic infertile males were all ethnically Han Chinese and from Eastern China.
In addition, the testicular samples of five patients (ages 25.8 + 3.56) with NOA were obtained from the Renji Hospital (Shanghai, China). Five fresh testicular tissues of fertile human adults (ages 26.6 + 3.21) who had died in accidents were obtained from the First Affiliated Hospital of Nanjing Medical University, with the consent of their relatives. These patients and fertile controls were all ethnically Han Chinese and from Eastern China.
Semen analysis
Semen samples were obtained in a private room by masturbation into a sterile wide-mouth and metal-free glass container after a recommended 2-day sexual abstinence. After liquefaction at 378C for 30 min, conventional semen analysis was conducted in accordance with World Health Organization guidelines (WHO, 1999) by using the Micro-cell slide and the computer-aided semen analysis (CASA, WLJY 9000, Weili New Century Science & Tech Dev.). Observed semen parameters included semen volume, sperm concentration, sperm number per ejaculum and sperm motility. Strict quality control measures were enforced throughout the study. Each sample was assessed twice successively. Observation and counting in the semen analysis were automatic, moreover the fertility status of the men whose samples were being assessed was blinded to avoid bias. Then the data were input into computer by two people to avoid bias. Before the study, we checked the semen parameters randomly and found that the data were correct.
Seminal plasma collection and RNA isolation
Semen samples were first centrifuged for 5 min at 12000 rpm (13 400g). One hundred microliters of supernatant (seminal plasma) was used for total RNA isolation. The total RNA was isolated from the seminal plasma using equal volume of TRIzol Reagent (Invitrogen Life Technologies Co, USA), according to the manufacturer's protocol. Three steps of phenol/chloroform purification were added in order to get rid of proteins. The concentration and purity of RNA were determined by using NanoDropw ND-1000, while its quality was verified by denaturing agarose gel electrophoresis.
Quantitative RT-PCR of miRNA expression
The two miRNAs examined in our present study were hsa-miR-19b-3p (MIMAT0000074) and hsa-let-7a-5p (MIMAT0000062). The quantification of two miRNAs was conducted as previously (Chen et al., 2005) described with minor modification. RNA was reverse transcribed in a final volume of 20 ml containing 1 mg purified total RNA, 1 × RT buffer, 0.25 mM each of dNTPs (Takara), 3.33 U/ml AMV reverse transcriptase (Takara) and 0.25 U/ml RNase Inhibitor (Takara) and 2 ml antisense looped primer mix. This allowed for the creation of a miRNA cDNA library. The mix was incubated at 168C for 15 min, 428C for 60 min, 858C for 5 min and then held at 48C. Subsequently, real-time quantification was performed using an Applied Biosystems 7300 Real-time PCR system (Applied Biosystems). Each real-time PCR (in 20 ml) included 0.5 ml Universal reverse primer, 0.5 ml of sense primer, 1 ml Eva-Green (Biotum), 1 U/ml Taq (Takara) and 1 ml RT product (1:5 dilution). The reactions were incubated in a 96-well optical plate at 958C for 10 min, followed by 40 cycles of 958C for 15 s and 608C for 1 min.
The validation of the Eva-Green assay of miR-19b was performed on 144 (48 individuals of each group) samples with TaqMan RT-PCR assays (Applied Biosystems). RT-PCR reactions were carried out using the manufacturer's recommendation. In brief, 1 mg of total RNA was reverse transcribed using the TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems) with miR-19b specific RT-primer (Applied Biosystems). Quantitative RT -PCR (qPCR) was performed in a volume of 10 ml with 384-well plates on ABI Prism 7900HT (Applied Biosystems) with a standard absolute quantification thermal cycling program and using the SDS 2.3 software to determine the cycle threshold (C t ). The thermocycler program included a step of denaturation at 958C (10 min), and 40 cycles of 958C (15 sec) and 608C (1 min).
All reactions were run in triplicate. After the reactions, the C t data were determined using default threshold settings and the mean C t was determined from the triplicate PCRs. The expression levels of the two miRNAs were calculated using the C t values, which is inversely proportional to the sample starting copy number. U6 snRNA is the endogenous control gene to normalize for RNA content among different samples. The expression of miRNA relative to U6 snRNA was determined using the 2 2△Ct method.
Cell proliferation and apoptosis analysis GC-1 and GC-2 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum and maintained in a humidified 5% CO 2 atmosphere at 378C. The prepared cells were transfected with miR-19b mimics and seeded into 96-well plate with 1 × 10 4 cells per well. After transfecting for 48 h, 150 ml of dimethylsulfoxide was added to each well. Absorbance at 490 nm was determined by the TECAN infinite M200 multimode microplate reader. To investigate the role of miR-19b in apoptosis, cells were washed in phosphate-buffered saline and mixed with Annexin V-FITC Apoptosis Detection Kit (BD Biopharmingen, NJ, USA) for 15 min in the dark. The experiments were analyzed by BD Biosciences FACS Calibur Flow Cytometry (BD Biasciences, NJ, USA). The tests were repeated for three times with triplicate per experiment.
Statistical analysis
The differences in selected demographic variables, smoking and alcohol status between the cases and the controls were evaluated by the x 2 test. One-way analysis of variance was used to evaluate continuous variables, including age and BMI. Statistical analyses for miRNA expression levels were performed by the Mann-Whitney test. Spearman rank correlation and the Wilcoxon signed-rank test were used to evaluate the fluctuations in miRNA expression levels. All statistical analyses were carried out using Stata (Version 9.0, StataCorp, LP), and P ≤ 0.05 were considered to be significant.
Results
Expression of miRNAs in human seminal plasma
The expression of two selected miRNAs (miR-19b and let-7a) was estimated by qPCR. The two miRNAs were clearly expressed in human seminal plasma of fertile controls as detected by qPCR. The accuracy of qPCR results was further validated by using Taqman qPCR. We showed that miR-19b and let-7a are both present in the seminal plasma.
The fluctuations in individual seminal plasma miRNAs levels
In order to test the variation in seminal plasma miRNAs among healthy males was also characterized, we collected the ejaculum from sperm bank on the 1st, 8th and 15th days of 1 month from six individuals and analyzed the expression levels of these two miRNAs by qPCR. As shown in Figure 1 , there is no significant difference in the expression levels of the seminal plasma miRNAs among the three sampling (P ¼ 0.099 for miR-19b; P ¼ 0.522 for let-7a). In these samples the seminal plasma miRNAs were stable and their levels consistent in individuals.
Our results indicated that these two qPCR methods, Eva-Green and TaqMan probe, are consistent. The individual seminal plasma miRNA expression levels are correlated (r ¼ 0.74, P ¼ 0.000) and there are no significant differences between them (P . 0.05).
miRNA and azoospermia
Expression levels of miRNAs in seminal plasma
To explore whether the expression of miRNAs are associated with spermatogenic failure, we investigated the expression patterns of the two miRNAs in idiopathic infertile males with spermatogenic failure and compared it with that of fertile controls. Demographic categories of the study population by fertility and sperm concentration are described in Table I . Figure 2 shows the summarization of induction fold of miR-19b and let-7a in infertile males compared with fertile controls. The expression levels of the two miRNAs were significantly increased in infertile males with NOA compared with fertile controls. Of the two selected miRNAs, miR-19b showed the greater differential expression (6.3-fold overexpression) in the NOA group compared with the fertile control group (Fig. 2) . However, no significant differences were observed in the expression levels of the two miRNAs between patients with oligozoospermia and fertile controls (Fig. 2) .
Validation in another independent population
To validate the aberrant expression patterns of the two miRNAs in Group 1 subjects, we use another independent population which consisted of 48 infertile males with oligozoospermia, 48 infertile males with NOA and 48 fertile controls. Idiopathic infertile patients with NOA also showed significant increased expression of the two miRNAs compared with fertile controls. In addition, Figure 2 shows the expression patterns of the two miRNAs when Groups 1 and 2 populations were combined together. Given that the miR-19b has been reported as implicated in regulating spermatogenesis (Hayashi et al., 2008; Lian et al., 2009) , and that our Eva-Green qPCR analysis also showed the elevated expression of miR-19b in the seminal plasma of patients with spermatogenic failure, thus, we validated the different expression patterns of miR-19b in the seminal plasma using a TaqMan probe. The result also showed that the expression of miR-19b was significantly increased in idiopathic infertile males with NOA compared with that in fertile controls (data not shown). Taken together, these results implied that the seminal plasma miRNAs may serve as a potential biomarker for NOA.
Expression levels of miRNAs in the testicular tissue
To explore whether the two miRNAs have the same expression pattern in the testicular tissue as in the seminal plasma, we examined the expression of the two miRNAs in 10 testicular tissue samples. As a result, we found that patients with NOA had a significantly higher expression levels than fertile controls (Fig. 3) .
MiR-19b promotes proliferation of germ cells
To investigate the role of miR-19b in the proliferation and apoptosis, we transfected miR-19b mimics into GC-1 and GC-2 cells. As presented in the Supplementary data, Figure S1 , we found that the high level of miR-19b in cells could promote the proliferation of GC-2 cell. However, no significant change was observed in the apoptosis of cells (Supplementary data, Fig. S1 ).
Bioinformatics methods to target gene prediction
To better understand the function of the two aberrantly expressed miRNAs, putative miRNA-directed target genes were predicted by miRGen v3 (Megraw et al., 2007) . miRGen is an integrated database with targets interface facilities that provide access to unions and intersections of four widely used target prediction programs: PicTar, TargetScan, MiRanda and DIANA-microT algorithms, as well as the experimentally supported targets from TarBase. We assembled the lists of the miRNA target genes, as determined either by the fouralgorithm combinations or the TarBase (Supplementary data, Table  S1 ). Only the predicted target genes, identified by three or more algorithms (Score ≥3), were listed in the Supplementary data, Table S1 .
Discussion
In this study, we found that miRNAs were present in the seminal plasma of humans and the levels of miRNAs in the seminal plasma are reproducible, and were consistent among the same individuals. Chen et al. (2008) MiRNAs were present in all fluids tested and showed distinct compositions in different fluid types (Weber et al., 2010) . Recent studies ( patient group and proposed that the measurement of miRNAs in the seminal plasma may provide a novel and non-invasive approach for diagnosing male infertility. We found significant miRNA expression differences in the seminal plasma between the fertile controls and NOA, while no significant differences were found between the fertile controls and infertile males with oligozoopsermia. Additionally, the expression levels of the two miRNAs in testicular tissues of patients with NOA were significantly higher than that in fertile controls. Most strikingly, both miRNAs showed higher expression in NOA and not in oligozoospermia, suggesting that these miRNAs might be involved in the regulation of spermatogenesis. Lian et al. (2009) have reported that the expression level of has-miR-19b-1-5p (MIMAT0004491) was down-regulated in patients with NOA. In our study, the expression level of miR-19b, which also called has-miR-19b-3p (MIMAT0000074) was significantly higher in patients with NOA. As we know, are from the same transcript, but the expression patterns of them were different in patients with NOA. Although two miRNAs are from the same transcript, their expression of specific tissue and function might be different (Chiang et al., 2010) . Our results also suggested that these miRNAs in the seminal plasma may serve as potential biomarkers. We propose that the specific seminal plasma miRNA expression profile (a couple of miRNAs) constitutes the fingerprint of a physiological or disease condition, which could have a huge impact on diagnosis and personalized medicine in the future. Since our results clearly indicated the different expression levels of the two miRNAs in the seminal plasma between idiopathic infertile males with NOA and fertile controls, their physiological functions and relationship with spermatogenesis should be further examined. A recent study suggested that the miRNAs were secreted by cells and delivered into recipient cells where miRNAs can regulate target gene expression and recipient cell function . Thus, we speculate that the higher expression level of miR-19b in the seminal plasma of patients with NOA might be due to the germ cell secretion. Furthermore, lacking of miR-19b in the germ cell may have effect on the proliferation and may be the cause of azoospermia. Future research is needed to elucidate the mechanism of higher expression level of miRNAs in the seminal plasma of patients with NOA. Further studies are required to unravel the target genes of these miRNAs, which might be involved in the pathology of NOA.
The prediction of putative target genes for the two miRNAs will help to characterize the miRNAs involved in biological processes. Two possible target genes for miR-19b, Esr1 (Er-alpha) and Gja1, were known to be associated with spermatogenesis (Couse et al., 1999; Brehm et al., 2007) . For instance, the Er-alpha knockout mice exhibit arrested spermatogenesis and a significant reduction in the sperm number (Couse et al., 1999) . GJA1 expression in Sertoli cells (SCs) is an absolute requirement for normal testicular development and spermatogenesis. SC-specific deletion of Cx43 mostly resulted in an arrest of spermatogenesis (Brehm et al., 2007) . As a potential target of both miR-19b and let-7a, Fndc3a is required for adhesion between spermatids and SCs. Mice with a specific mutation within Fndc3a verifies that the mutation of Fndc3a is the cause of male sterility (Obholz et al., 2006) . Abnormal expression of these proteins may have a significant impact on male infertility. However, the miR-19b and let-7a physiological functions and relationship with NOA should be further examined, and that NOA-related miRNAs in the seminal plasma can serve as potential biomarkers. Furthermore, we propose that a cluster of biomarkers for NOA would be a better diagnostic tool with much higher sensitivity, specificity and accuracy. Noteworthy, our study has several limitations. Firstly, the sample size of our present study was relatively small. Future studies with a larger sample size are needed to validate this association. Secondly, only two miRNAs were involved in our study, while more miRNAs should be evaluated in the future, for instance identifying the miRNA expression profiling using microarray assay. Thirdly, there are some difficulties in the interpretation of miRNA expression data. For example, to investigate the biological functions of miRNAs, it is critical to identify target genes for miRNA. Several computational methods (e.g. PicTar, TargetScan and miRnada) are available to predict target genes for miRNA. However, each algorithm has a sizable rate of both false-positive and false-negative prediction (Maziere and Enright, 2007; Ruike et al., 2008) . Also, the experimental verification of miRNA -target relationship is complicated because of miRNA and azoospermia the potential outcome of interaction being either translational repression or degradation of target mRNAs. Furthermore, a single miRNA can have multiple mRNA target sites, and thereby the biological function of a single miRNA can be diverse. Hence, not only to achieve an accurate prediction of physiologically active miRNA targets, but also to comprehensively understand the biological function of miRNA, large-scale target prediction across a whole genome would be required (Rothman, 1990; Kloting et al., 2009 ).
In conclusion, miR-19b and let-7a were present in the seminal plasma of humans. The expression levels of miR-19b and let-7a in the seminal plasma are stable and reproducible among the same individuals. In addition, the two miRNA expression levels were significantly increased in idiopathic infertile males with NOA compared with that in fertile controls. Future studies with larger and better selected populations are needed to identify the miRNA expression profiling in the seminal plasma of patients with NOA and investigate the mechanism of the aberrantly expressed miRNAs.
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